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Abstract. The authors propose a new method for the as-
signment of rainfall conﬁdences on a pixel basis using cloud
properties derived from optical satellite data during daytime.
This approach is based on the concept model that the proba-
bility for precipitation is a function of the liquid water path,
which in turn can be computed using the satellite-retrieved
cloud optical thickness and the cloud effective droplet ra-
dius. In order to evaluate the principal potential of this idea,
scenes from the Terra-MODIS sensor during the severe Eu-
ropean summer ﬂoods in 2002 have been analysed in order
to derive a corresponding regression function that interlinks
the liquid water path with the rainfall probability or better
with the conﬁdence that a pixel which is classiﬁed as raining
does actually rain. A ﬁrst evaluation against ground-based
radar data during March 2004 shows good skill of this new
method.
1 Introduction
Rainfall is a key factor in the hydrological cycle and detailed
knowledge of the spatio-temporal distribution of precipita-
tion is crucial for hydrological models, for instance. In addi-
tion, such information can further improve the reliability of
short-term forcasting and nowcasting applications. Over the
past decades, many rainfall retrievals based on optical and/or
microwave satellite sensors have been developed (Levizzani
et al., 2002) but with respect to the use of optical sensors, the
techniques are of limited use at high latitudes since the com-
monly used connection between cloud top temperature and
rainfall occurrence is only valid for deep convection but not
for stratiform cloud bands within mid-latitude frontal sys-
tems (Levizzani et al., 2001; Levizzani, 2003).
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In order to overcome this problem, some authors pro-
pose the use of a ﬁxed threshold value of the effective
cloud droplet radius to discriminate between raining and
non-raining cloud areas (e.g. Rosenfeld and Gutman, 1994;
Lensky and Rosenfeld, 1997; Ba, 2000). This parameter is
deﬁned as the ratio of the third to the second moment of the
cloud droplet spectrum (Hansen and Travis, 1974). Recent
studies however show that for a reliable detection of precip-
itating clouds variable threshold values of cloud properties
should be used (e.g. Lensky and Rosenfeld, 2003,a; Nauss
and Kokhanovsky, 2006). Moreover, research projects have
been initiated in order to provide not only dichotomous in-
formation on the rainfall area (i.e. rainfall, no rainfall), to
which rainfall intensities can be assigned in a second step,
but also to estimate the actual precipitation conﬁdence level.
This is especially important for the use of such retrieval re-
sults in numerical models (e.g. Thoss et. al., 2001; SMHI,
2005). With this in mind, the authors propose the use of the
liquid water path as an indicator for the rainfall conﬁdence
on a pixel basis.
2 Assignment of the rainfall conﬁdence level as a func-
tion of the liquid water path
Due to the very homogeneous spatial distribution of the
cloud top temperature T for (warm) stratiform frontal clouds
with values of T not differing signiﬁcantly between rain-
ing and non-raining regions, the authors have proposed to
use an auto-adaptive threshold value of the effective cloud
droplet radius (aef) with respect to the corresponding value
of the optical thickness (τ) in order to identify both convec-
tive and stratiform precipitating cloud areas at mid-latitudes
(Nauss and Kokhanovsky, 2006). This idea is based on the
concept that rainfall is favoured by both sufﬁciently large
droplets that can fall easily against updraft wind ﬁelds and
a minimum vertical cloud extent that allows droplets to grow
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Fig. 1. Rainfall conﬁdence as a function of the liquid water path
derived from the comparison of 15 Terra-MODIS scenes between
1 and 15 August 2002 with radar network data from the German
weather service over Germany.
and prevents them from evaporating below the cloud bottom
(which in turn has an inﬂuence on the required droplet size;
see also Lensky and Rosenfeld, 2003,a).
For the retrieval of aef and τ, the Semi-Analytical CloUd
Retrieval Algorithm (SACURA, Kokhanovsky et al., 2003;
Kokhanovsky and Nauss, 2005) has been applied to visible
and near-infrared data from the Moderate Resolution Imag-
ingSpectroradiometer(MODIS,http://modis.gsfc.nasa.gov/)
aboard NASA’s Terra and Aqua satellites, with a spatial res-
olution of 1km. SACURA has been validated over sea and
land surfaces against the commonly used look-up table ap-
proaches of the Japanese Space Agency JAXA (Nakajima
and Nakajima, 1995; Kawamoto et al., 2001) and the NASA
MODIS cloud property product MOD06 (Platnick et al.,
2003) showing good agreement for optically thick (i.e. rain-
ing) cloud systems (Nauss et al., 2005; Kokhanovsky et al.,
2006).
For the computation of rainfall conﬁdence values, the spa-
tial distribution of the satellite-derived cloud properties has
been compared to corresponding (+/−7min time difference)
ground-based radar data provided by the German weather
service (DWD) for 15 MODIS scenes over Central Europe
taken during the extreme summer ﬂoods in August 2002.
This time frame was chosen because it includes a large va-
riety of precipitation processes typical for mid-latitude cy-
clones. In this context, the rainfall conﬁdence represents the
percentage value of pixels with a certain combination of aef
and τ that have been identiﬁed as raining by the radar data.
In order to derive a function for the assignment of rainfall
conﬁdence values based on the retrieved cloud properties, the
liquid water path
LWP ≈ 2/3 · ρ · aef · τ (1)
isusedinsteadofaef andτ inordertosimplifytheregression
function (ρ is the density of water). The resulting relation-
ship between rainfall conﬁdence and the LWP is shown in
Fig. 1. The squared correlation coefﬁcient (r2) reaches 0.91.
For the ﬁnal computation of the rainfall conﬁdence values
as a function of the LWP an exponential equation according
to
P(rain) = (1 − exp(p1 ∗ LWP + p2 ∗ LWP2)) + p3 (2)
is used along with the coefﬁcient values of
−9.936×10−4 (p1), 5.450×10−8 (p2), and −6.526×102
(p3). LWP as shown in Eq. (2) is measured in g/m2. The
residual standard error of this ﬁt is 0.0534 and the run of the
function can be seen as the dotted green line in Fig. 1.
Please note that for the present study, ice cloud proper-
ties are not considered explicitly. This is due to the fact that
the retrieved effective ice chrystal radius is signiﬁcantly bi-
ased by the assumed chrystal shape so that it can not gen-
erally be regarded as more accurate. In addition, an explicit
consideration of the ice phase does not solve the problem of
mixed-phased clouds. After all, since the rainfall conﬁdence
is statistically linked with the retrieved cloud properties, the
error in assuming water cloud properties can be neglected in
the context of this ﬁrst case study. Nevertheless, with respect
to the promising results (see Sect. 3) and appropriate retrieval
algorithms at hand (Platnick et al., 2003; Kokhanovsky and
Nauss, 2005), we plan to extend this work to the case of ice
phase clouds in the near future.
3 First evaluation of the rainfall conﬁdence assignment
TogetaﬁrstimpressionoftheperformanceofEq.2, therain-
fallconﬁdencefor28Terra-MODISscenesfromMarch2004
over Germany (morning overpasses) was computed. For ev-
ery MODIS scene, eight dichotomous datasets (rain/no-rain)
were prepared using a different threshold value of the rainfall
conﬁdence between 0.1 and 0.8 (step 0.1) for the delineation
of therainfall area. Consequently, these eight datasetsshow a
different extent of the rainfall area with smaller rainfall areas
for high threshold values (i.e. 0.7 or 0.8) and larger areas for
lower threshold values (i.e. 0.1, 0.2). Each of these dichoto-
mous products was then compared to the ground-based radar
data rainfall product of the German weather service (DWD)
on a 1km2 basis over Germany (937.204 pixels/scene). All
radar pixels with a reﬂectivity greater/equal 7dBZ (i.e. DWD
radar class 1) with an approximated rain rate larger than
0.06mm/h are considered as precipitating. The probabil-
ity of detection (POD) and the probability of false detection
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(POFD) were computed. Both scores are based on the num-
ber of pixels that have been identiﬁed in the satellite (S) and
radar (R) techniques as raining (Sy, Ry) or non-raining (Sn,
Rn). The POD gives the fraction of the satellite derived rain-
fall events that have been correctly identiﬁed according to the
radar product (SyRy/Ry) and the POFD the fraction of the
events incorrectly identiﬁed as rainfall events by the satel-
lite algorithm (SyRn/Rn). Since the POFD can be artiﬁcially
decreased by increasing the number of non-raining pixels,
only those pixels that have been identiﬁed as cloudy by the
MODIS cloud mask (MOD035; Ackermann et al., 1998) are
considered. The mean cloud fraction within the scenes used
in this evaluation is 76% (with 50% of the scenes exceeding
a cloud fraction of 87%).
Figure 2 shows a comprehensive overview of the result-
ing POD and POFD values using a relative operation charac-
teristic (ROC) plot (Mason, 1982; Jolliffe and Stephenson,
2003). The dotted diagonal line represents the “no skill”
line (i.e. POD equals POFD); value combinations above this
line indicate that the approach has skill (i.e. POD larger than
POFD). Each red line represents the results of one MODIS
scene. The crosses within each of these lines show the value
combination for one of the dichotomous datasets with the
highest probability threshold value (0.8) at the (lower) left
end and the lowest probability threshold value (0.1) at the
(higher) right end (see also the probability thresholds printed
along the blue line). The new approach seems to have good
overall skill since the red curves remain clearly above the
“no skill” line except for four events that can be identiﬁed
by straight red lines above or slightly below the “no skill”
diagonal. All four of these scenes exhibit only a rainfall
area between 0.02% and 0.23% so that slight absolute de-
viations between the number of raining pixels in the satel-
lite and the radar dataset have a large impact on the result-
ing scores. Generally, the 30% to 40% rainfall conﬁdence
threshold value seems to be the one with the highest skill (i.
e. the most suitable for a yes/no rainfall decision) since the
corresponding value combinations show the largest distance
normal to the “no skill” line. This is also indicated by the
green line, which represents the mean POD and POFD val-
ues for every rainfall conﬁdence level.
4 Conclusions
A new technique for the assignment of rainfall conﬁdence
values at daytime has been presented. It is based on the
assumption that cloud liquid water path is directly propor-
tional to the rainfall conﬁdence on a single pixel basis. The
function for the computation of the rainfall conﬁdence was
derived by a comparison between the rain area detected by
ground-based radar stations and the corresponding liquid wa-
ter path distribution within the satellite scenes. A ﬁrst statis-
tical evaluation shows that the new approach has skill but be-
side these promising results, an upcoming and more compre-
Fig. 2. Relative operating characteristic plot based on the compar-
ison of 28 Terra-MODIS scenes with corresponding ground based
radarmeasurementsforcloudypixelsoverGermany. Differentrain-
fall conﬁdence threshold values between 0.1 and 0.8 (step 0.1) in-
dicated by the crosses and printed along the greenline were used to
delineate the satellite-based rainfall area.
hensive study is necessary for a ﬁnal validation. Moreover,
with correspondent retrieval algorithms are in place (Platnick
et al., 2003; Kokhanovsky and Nauss, 2005), we plan to ex-
tend this work to the case of ice and mixed water clouds in
the near future.
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